Background/Aims: Deposits of phosphorylated tau protein and convergence of pathology in the hippocampus are the hallmarks of neurodegenerative tauopathies. Thus we aimed to evaluate whether regional and cellular vulnerability patterns in the hippocampus distinguish tauopathies or are influenced by their concomitant presence. Methods: We created a heat map of phospho-tau (AT8) immunoreactivity patterns in 24 hippocampal subregions/layers in individuals with Alzheimer's disease (AD)-related neurofibrillary degeneration (n = 40), Pick's disease (n = 8), progressive supranuclear palsy (n = 7), corticobasal degeneration (n = 6), argyrophilic grain disease (AGD, n = 18), globular glial tauopathy (n = 5), and tau-astrogliopathy of the elderly (n = 10). AT8 immunoreactivity patterns were compared by mathematical analysis. Results: Our study reveals disease-specific hot spots and regional selective vulnerability for these disorders. The pattern of hippocampal AD-related tau pathology is strongly influenced by concomitant AGD. Mathematical analysis reveals that hippocampal involvement in primary tauopathies is distinguishable from early-stage AD-related neurofibrillary degeneration. Conclusion: Our data demonstrate disease-specific AT8 immunoreactivity patterns and hot spots in the hippocampus even in tauopathies, which primarily do not affect the hippocampus. These hot spots can be shifted to other regions by the co-occurrence of tauopathies like AGD. Our observations support the notion that globular glial tauopathies and tau-astrogliopathy of the elderly are distinct entities.
Introduction
Progressive loss of neurons and intra-and extracellular deposition of proteins constitute the major neuropathologic features of neurodegenerative diseases [1] . The most important proteins include the microtubule-associated protein tau, prion protein, amyloid-β, α-synuclein, fused in sarcoma, and TAR DNA-binding protein 43 [1] . Deposition of the abnormally phosphorylated tau is a hallmark of a group of neurodegenerative diseases designated as tauopathies. These include Alzheimer's disease (AD), argyrophilic grain disease (AGD), corticobasal degeneration (CBD), progressive supranuclear palsy (PSP), Pick's disease (PiD) [2] , and neurofibrillary tangle-only dementia [3] , as well as disorders with globular glial inclusions, also called globular glial tauopathies (GGTs) [4] . In addition, there are constellations of tauopathies seen in elderly patients, which cannot be diagnosed by established neuropathologic diagnostic criteria, characterized by tau-astrogliopathy as a common feature [5, 6] . Depending on the isoform of the deposited tau protein, tauopathies are grouped as either 3-repeat (R)-predominant (e.g., PiD), 4R-predominant (e.g., AGD, CBD, PSP, GGT, and tau-astrogliopathy of the elderly) or mixed 3R/4R (e.g., AD and neurofibrillary tangle dementia) [7] [8] [9] .
The diversity of phenotypes associated with tauopathies is related to the deposition of pathologic tau protein in distinct brain areas and in distinct cellular populations [10, 11] . The anatomical distribution (i.e. subcortical, allocortical or isocortical) of tau pathology considerably varies between tauopathies. However, tau pathology converges in the hippocampus and entorhinal cortex (EC) in all of them. The hippocampal formation comprises the dentate gyrus (DG), hippocampus and subiculum [12] , and is essential for navigation [13] and different memory functions, including spatial [14] [15] [16] [17] [18] and declarative memory [19, 20] . Mostly unidirectional interconnections and a stepwise computation of the incoming information are thought to be the basics of memory storage and retrieval [21, 22] .
In the present study, we investigated the distribution of the phosphorylated tau protein (AT8) in 7 different tauopathies in 24 anatomically defined subregions or layers of the hippocampal formation and developed a mathematical algorithm to compare the patterns of the tau deposition. Here we demonstrate regional selective vulnerability patterns as distinguishing features of these disorders in functionally relevant structures of the hippocampus.
Materials and Methods

Selection of Cases
A total of 94 patients (39 men) were included in this study (online suppl. table 1; for all online suppl. material, see www.karger.com/doi/10.1159/000365548). These were recruited either from the tissue bank obtained from routine diagnostic practice of the Institute of Neurology (PSP, CBD, and PiD cases), or included cases (GGT, tau-astrogliopathy of the elderly, and AD-related pathology with or without AGD) from previously published studies [5, 6, 23] . The following tauopathies have been studied: (1) pure AD-related pathology (40 cases), divided into Braak and Braak (BB) stages I-VI of the neurofibrillary pathology [24, 25] ; (2) AGD [26] associated with AD-related pathology, BBI-IV (18 cases: 2 with BBI, 9 with BBII, 3 with BBIII and 4 with BBIV); (3) PiD (8 cases); (4) CBD (6 cases); (5) PSP (7 cases); (6) uniform cases of GGT (5 cases of type 1 according to recent consensus nomenclature [4] ) previously published as white matter tauopathy with globular glial inclusions [23] , and (7) tau-astrogliopathy of the elderly [5] [10 cases; further stratified as 5 cases of the medial temporal lobe-predominant (MTL-predominant) group and 5 cases of the limbic-subcortical type; see below]. All cases have been evaluated in diagnostic sessions involving 2 or more certified neuropathologists following diagnostic criteria [27] . Cases with concomitant vascular pathology and prominent α-synucleinopathy (other than minor concomitant α-synuclein restricted to the amygdala, and one case with BBI of the Lewy body pathology) have been excluded. For non-AD, we included only those cases where immunostaining for amyloid-β and Bielschowsky silver staining did not show a sufficient amount of plaques to diagnose AD at any level according to the National Institute on Aging-Alzheimer's Association criteria [28] .
The overall distribution of tau pathology in the studied PSP or CBD cases was similar, thus we did not include early phases of PSP [29] or rare variants of CBD [27] . Samples were collected following local regulations and the study was approved by the Ethics Committee of the Medical University of Vienna (No. 396/2011).
Topographical and Semiquantitative Analysis
Formalin-fixed and paraffin-embedded tissue sections (3 μm tick) were examined for tau pathology in the posterior hippocampus at the level of corpus geniculatum laterale using the AT8 antibody (1: 200; Pearce Biotechnology, Rockford, Ill., USA). The AT8 antibody labels the most frequently phosphorylated tau epitope in tauopathies (Ser202, and to a minor extent Thr205) [30] . Although many sites of phosphorylable tau epitopes in tauopathies have been identified so far [1] , it seems to be the most consistent one and hence standardized and used in neuropathologic routine [24, 25, 27] .
We evaluated AT8 immunoreactivity (IR) in neurons (irrespectively of the morphology of the accumulation thus including diffuse cytoplasmic IR and neurofibrillary tangles), astrocytes, oligodendrocytes, and in the neuropil (comprising fine neurites and threads and fine granular staining) in 7 major regions of the hippocampus (the DG, CA1-4, subiculum) and the EC further divided into 24 subregions or layers according to anatomical criteria [31] . The regions and layers investigated included: upper and lower blade of the DG (each subdivided into 3 layers: stratum moleculare, stratum granulosum and stratum polymorphe), CA1-3 (stratum oriens, stratum pyramidale, and stratum radiatum as well as stratum lucidum in the CA3), the CA4, the subiculum, the stratum lacunosum-moleculare (at the level of the CA1) and the lateral and medial EC (each subdivided into outer layers 1-3 and inner layers 4-6). A semiquantitative scoring was performed as follows: negative (0); a weak/mild score (1) was given when barely any IR was present in the neuropil or just a few cells were labelled (under 30%), and a moderate score (2) was given for a labelling easily recognized (fine neuritic/granular IR) and for cellular labelling, if an estimated 30-60% of the cells were labelled. The staining was scored as strong/severe (3), if it could be recognized even without the microscope (for fine neuritic/granular IR) or for cells, if it is estimated that over 60% of cells are labelled (online suppl. fig. 1 ). This scoring was highly reproducible and showed 100% interrater agreement. It was tested in a pilot fashion: both evaluators (I.M. and G.G.K.) examined blindly 30 randomly chosen cases. The anatomical regions were defined in sessions using a multi-headed microscope. Consequently, the statistical and mathematical analyses used the scores of one evaluator (I.M.). Semiquantitative scoring enabled to differentiate between distinct cell populations (neurons, astroglia and oligodendroglia), which would not be possible with other methods. In addition, semiquantitative scoring has been shown to correlate well with computer-assisted quantitative measurement [32] .
Statistical Analysis
The statistical analysis was performed using SPSS version 20 (SPSS, Inc.). AT8-IR scores for neuronal and fine neuritic/granular IR, in cases with AD-related pathology, with or without AGD, were compared using the Mann-Whitney U test. A significance level of 0.05 was used.
Mathematical Analysis
The data of 94 patients (described in the section Selection of Cases) were used for the mathematical analysis with the program 'R'. Each case could be presented as a 96-dimensional vector, determined by 4 evaluated variables (neuronal, astrocytic, oligodendroglial, and fine neuritic/granular AT8-IR) in 24 subregions or layers of the hippocampus (4 × 24 = 96 dimensions). As the diagnosis for each case was known, the reference vector for every disease (diagnosis) could be computed, representing the median values for a given diagnosis. In order to compare the constellation of AT8-IR (the combination of intensities of AT8-IR for each of the variables in all investigated subregions or layers), we applied an algorithm to provide a measure of relative 'distance' between reference vectors for each tauopathy. The distance represents how distinct the pattern of the AT8-IR is between different tauopathies, comparing both the spatial (different hippocampal subregions/layers) and the cellular (different cell types in these regions with or without neuropil) AT8-IR. Thus, similar AT8-IR constellations (similar disease entities) would result in shorter relative distance, whereas different constellations provide far distance. For technical details, see online supplementary methods.
Results
Patterns of AT8-IR in the Hippocampus
Cortical-Hippocampal-Predominant Tauopathies: PiD and AD-Related Pathology PiD and AD-related pathology show different patterns of AT8-IR in the hippocampus. The CA1, CA2, subiculum and EC reveal already at early BB stages both neuronal and fine neuritic/ granular AT8-IR. This tau burden is increasing with higher BB stages ( fig. 1 a, b, fig. 2 a-g ). At late stages (BBV-VI), moderate involvement of the CA4 and to some extent CA3 can be observed ( fig. 1 a, b, fig. 2 d-g ). By contrast, in PiD, in addition to the CA1, CA2, subiculum and EC, the DG and the CA4 regions are strongly affected ( fig. 1 a, b, fig. 2 h-j). However, in PiD, the CA2 region shows severe neuronal but only moderate fine neuritic/granular AT8-IR in the strata pyramidale and radiatum ( fig. 1 b) . By contrast, in the DG, severe neuronal AT8-IR (granule cells) can be seen ( fig. 1 a, fig. 2 j) . Further, abundant fine neuritic/granular AT8-IR is present in the polymorph layer (arrow in fig. 2 j) . Similarly, the CA4 region reveals a unique pattern of severe fine neuritic/granular AT8-IR with a lack of neuronal AT8 ( fig. 1 a, 
b, fig. 2 i).
In both AD-related neurofibrillary pathology and PiD, only minor glial AT8-IR is observed.
Concomitant AGD Modifies the Pattern of AD-Related Tau Pathology
In general, the distribution of AT8-IR is similar to the corresponding BB stages of the AD-related pathology (BBI-IV) without concomitant AGD. However, the pattern of the distribution reveals a mixture of different BB stages, ranging from stages III-IV to late stages ( fig. 1 a-d) . Indeed, statistical analysis demonstrates higher tau burden in selected subregions/layers of the hippocampus in cases with concomitant AGD, as compared to pure AD-related pathology ( table 1 ). The following regions show an 'upgrade' in the tau load (either or both neuronal or fine neuritic/granular pattern) in cases with a concomitant presence of AGD: DG, CA1, subiculum, and EC. In addition, occasional astrocytic AT8-IR in the stratum lacunosum-moleculare of the CA1/subiculum can be observed. Furthermore, moderate oligodendroglial AT8-IR is noted in the EC white matter ( fig. 1 d) .
Subcortical-Predominant Tauopathies: PSP and CBD Both CBD and PSP cases show a uniform pattern characterized by moderate AT8-IR in the hippocampus. CBD and PSP reveal a similar distribution of neuronal AT8 (stratum pyramidale of the CA1 and the CA2, as well as in the CA4, the subiculum and the lateral EC). However, CBD shows moderate neuronal AT8 deposition in the stratum pyramidale of the CA3, contrasting PSP cases. In addition, more prominent AT8-IR in the granule cells can be noted. Fig. 1 . The AT8 signature of tauopathies in the hippocampus. Note distinct AT8-IR patterns for different tauopathies. AT8-IR load is color-coded: light blue represents no IR, red represents strong IR ( e ). In AD cases, note early highlighting of the hot spots (CA1, CA2, subiculum and EC) with increasing AT8-IR load for neuronal ( a ) and fine neuritic/granular ( b ) deposits. By contrast, only occasional astroglial ( c ) and oligodendroglial ( d ) IR is observed. PiD shows a different AT8-IR pattern with prominent involvement of the DG, CA4, CA1 and subiculum (hot spots), as highlighted by a red color code. Note the change in the AT8-IR pattern of the AD-related pathology with concomitant AGD ( a , b ). CBD and PSP cases showed more prominent neuronal AT8-IR in the stratum oriens and radiatum of CA1, CA2 and CA3, as compared to early BB stages ( a ). Note the severe affection of the astrocytes in MTL-predominant tau-astrogliopathy of the elderly (elderly tau-MTL) in the DG, CA4 but also moderate affection in the EC, contrasting all other tauopathies ( c ). Observation of mild to moderate oligodendroglial AT8-IR in different regions (strata oriens of the CA1, CA2, CA3, but also in the stratum lacunosum-moleculare and in the EC) should raise a suspicion for CBD ( d ). By contrast, GGT is characterized by a strong presence of oligodendroglial AT8-IR in many areas, especially in the white matter of the EC ( d ). The asterisk marks regions with mean values of 0.1. Colors refer to the online vesion only. Although the perforant path targeting zone is strongly affected ( e , black arrow), the inner 1/3 of the stratum moleculare ( e , black arrowhead) and granule cells of the DG showed only occasional IR ( e ). By contrast, both the stratum pyramidale ( f ) and stratum oriens ( g ) of the CA1 are severely affected. h-j Prominent involvement of the hippocampus in PiD. Notably, the DG is strongly affected ( i ), including the whole stratum moleculare (black arrowhead) and the granule cells. In the CA4, a strong fine neuritic/granular pattern is observed (black arrow), with practically lacking neuronal IR ( j ; black arrowheads indicate not stained neurons in the CA4; po = stratum polymorphe). k-m GGT shows prominent involvement of oligodendroglia in the hippocampus. These can be observed in many regions, including the stratum oriens (SO) of the CA1 ( l ) and the white matter of the EC ( m ). SP = Stratum pyramidale. n-p The medial temporal lobe-predominant subtype of the tau-astrogliopathy of the elderly shows strong presence of astrocytes in the hippocampus, particularly in the stratum polymorphe (po) of the DG ( o , p ) and CA4 ( p ). Scale bar:
A further distinguishing feature of CBD is affection of all layers in the CA3 region in the form of moderate fine neuritic/granular AT8-IR as well as in the DG ( fig. 1 b) . By contrast, PSP cases reveal less fine neuritic/granular AT8-IR in the DG ( fig. 1 a) . Although both CBD and PSP show weak to moderate glial AT8 deposits, these are more prominent in CBD. These include more prominent astrocytic AT8-IR in the stratum oriens of the CA1 as well as in the EC ( fig. 1 c) . Further, CBD cases reveal a weak but constant presence of oligodendroglial AT8-IR in the strata orientia of the CA1-3 and in the EC ( fig. 1 d) .
Further Tauopathies: Tau-Astrogliopathy in the Elderly and GGT Based on the distribution of non-AD type AT8-IR in elderly brains, we identified four major patterns in a recent study [6] . Focusing on the hippocampal pattern of AT8-IR, we included two major groups in this study: one which predominates in the MTL (MTL-predominant group; previously described as hippocampal-DG-amygdala-predominant/granular and thorny astrogliopathy and neuronal tauopathy type) and one which also involves the subcortical regions termed here as limbic-subcortical type (limbic-basal ganglia-nigral/granular and thorny astrogliopathy and neuronal tauopathy type) [6] .
The first symbol represents neuronal tau burden, the second one fine neuritic/fine granular immunostaining pattern. Regions not involved directly in AD-related pathology (DG, CA2) are affected if there was a concomitant AGD pathology. -= No difference between groups; * = significant difference between groups (p < 0.05). The distinguishing feature of the MTL-predominant subtype from all other tauopathies (including the limbic-subcortical subtype) is the unique involvement of the DG and the CA4. All layers of the DG, particularly the stratum polymorphe, show a high density of astrocytic AT8-IR with characteristic morphology, i.e. small clusters of thorn-shaped astrocytes with perinuclear accentuation of AT8-IR ( fig. 1 c, fig. 2 n-p). This is followed by moderate astrocytic AT8-IR in the CA1 and in the EC. CA2 and CA3 reveal only weak astrocytic AT8 abundance ( fig. 1 c, fig. 2 n) . Further, fine neuritic/granular AT8-IR in the form of patchy deposits can be found in the vicinity of the AT8-IR astrocytes. Color-coded schematic representation of the relative distances between tauopathies. Based on the mathematical model, relative distances are shown in color code, ranging from white (very close) to dark blue (very distant). The distance of each disease to itself is 0. Note a stepwise increase in distance with increasing BB stages (BBI-VI). The distance is very close between all neighboring stages, suggesting only subtle additional tau pathology in consecutive BB stages. The limbic-subcortical subtype of tau-astrogliopathy of the elderly (elderly -subcortical), CBD, PSP, and AGD show close distance to each other. The most distant diseases to all others is the MTL-predominant tau-astrogliopathy of the elderly (elderly-MTL), followed by GGT, and PiD. Noteworthy, concomitant AGD changes the distance to other diseases, as compared to pure AD-related pathology of early BB stages. Distances are represented as a 10-fold value for easier comparison.
The limbic-subcortical type of tau-astrogliopathy of the elderly shows a similar, but less pronounced pattern of the astrocytic AT8-IR in the examined regions ( fig. 1 c) . For instance, here almost no astrocytic AT8 deposits can be observed in the DG. The only exception is the stratum moleculare, where only occasional AT8-IR astrocytes can be observed ( fig. 1 c) . By contrast, more pronounced neuronal AT8-IR is noted in the DG, as compared to the MTLpredominant subtype. This includes more pronounced AT8-IR in the granule cells as well as more AT8-positive neurons in the stratum moleculare ( fig. 1 b) . Both the MTL-predominant subtype and the limbic-subcortical type of tau-astrogliopathy of the elderly reveal only occasional oligodendroglial AT8-IR ( fig. 1 d) .
GGT is characterized by prominent oligodendroglial AT8-IR predominantly in white matter regions ( fig. 2 k-m) . The white matter of the EC ( fig. 1 b, d, fig. 2 m) is severely affected [23] . Moderate neuronal tau pathology can be found in the stratum pyramidale of the CA1. In other regions, only minor neuronal AT8-IR is present ( fig. 1 a) . Several regions show moderate fine neuritic/granular AT8-IR (CA1-4, subiculum, EC) . Notably, the DG is characterized only by weak fine neuritic/granular AT8-IR ( fig. 1 b, fig. 2 k) . Gray matter astrocytes exhibit a starlike appearance with globular dot-like AT8-IR in proximal segments of the processes.
Hippocampal AT8-IR Patterns Are Disease-Characteristic, as Revealed by Mathematical Cluster Analysis of AT8-IR Patterns
Our semiquantitative data suggested disease-specific patterns of the tau deposition in hippocampal regions. Therefore, we created a mathematical comparison model to investigate the relative distance between diseases. Figure 3 summarizes the data obtained. Similar tau constellations and yet a stepwise increase in the distance between different BB stages of AD-related tau pathology demonstrate the power of our algorithm. All BB stages reveal a far distance to all other tauopathies ( fig. 3 ) .
As already suggested in figure 1 , the signature of PiD in the hippocampus is different from all other tauopathies investigated. Although far from all other diseases, the closest distance can be measured to BBV (distance 0.55) and BBVI (distance 0.52).
Our algorithm reveals a relatively moderate distance between the limbic-subcortical type of the tau-astrogliopathy of the elderly and CBD, followed by AGD and PSP. The distance to BBII and BBIII is larger ( fig. 3 ) . The MTL-predominant subtype of the tau-astrogliopathy shows a far distance to all other tauopathies ( fig. 3 ) .
Cases with concomitant AGD show the closest distance to BBIII, although the majority of these cases were originally classified as presenting with lower BB stages. Interestingly, AGD, PSP, CBD and the limbic-subcortical type of the tau-astrogliopathy of the elderly are very close in distance, comparable to neighboring BB stages ( fig. 3 ). GGT is characterized by a far distance to all other tauopathies. The closest distance can be measured to CBD, AGD, and PSP ( fig. 3 ).
Discussion
A growing body of evidence suggests that tauopathies may be characterized by selective cellular and regional vulnerability, which might eventually influence the clinical presentations [32] [33] [34] [35] [36] . Our semiquantitative approach allowed us to distinguish different cell-related patterns of AT8-IR, which can be missed with a morphometric method evaluating only the total load of tau pathology. Here we present, to our knowledge, the first detailed comparative study on AT8-IR in the hippocampus in 7 major tauopathies. Our data strongly suggest: (1) disease-specific AT8-IR in the hippocampus, which may (2) be influenced and shifted towards other regions by co-occurrence of tauopathies (i.e. AGD and AD-related tau pathology). These regions may be designated as hot spots for the disease and might influence the clinical presentations due to cellular dysfunction associated with pathological tau deposition. In addition, our data revealed that (3) AT8-IR patterns in the hippocampus are disease characteristic, even in tauopathies, which primarily do not affect the hippocampus. Thus, knowledge of hippocampal vulnerability patterns may elucidate the understanding of some cognitive aspects of tauopathies and may serve as a rationale for the development of better diagnostic test batteries and eventually targeted therapy aiming to improve certain hippocampusrelated memory functions.
AT8 has an advantage towards other phosphorylation-dependent antibodies or silver stains, as it labels both pretangles (nonargyrophilic and nonubiquitinated) and tangles in all cell populations, including tau pathology in glia [25] . By contrast, other disease-related phosphorylation sites appear either in a specific temporally dependent manner [30, 37] , exhibit variable phosphorylation [38] or may even be disease-specific [39] and are therefore not eligible for comparison between different diseases.
Studies on animal models assigned special functions to different anatomical subregions in the hippocampus [40] . For instance, the DG is implicated in spatial pattern separation [40] , whereas the CA3 is responsible for pattern association, spatial and temporal pattern completion and spatial and temporal working memory [41] . The CA1 region is shown to be involved in temporal pattern separation [41] . Although a direct correlation between morphology and function cannot be established in humans, different test batteries revealed hippocampal involvement in humans in all functions found in animal models as well [42] .
Our data revealed that cortical-predominant tauopathies (and dementias) share some hot spots in the hippocampus, whereas some distinctive hot spots can be defined as well. The constellation of the AT8-IR in the hippocampus is highly disease-specific, as measured by a large distance between PiD and all BB stages ( fig. 3 ) . Indeed, in AD-related tau pathology a continuous increase in the distance between neighboring BB stages can be detected, supporting the stepwise progression of tau pathology. Interestingly, both AD and PiD (i.e. cortical type dementias) share as a hot spot the subiculum, as one of the most important afferent systems towards association cortices [43] , the CA1 and the EC. Thus, the affection of the subiculum may dissociate the hippocampus from the rest of the brain, whereas the early affection of outer layers of the EC (including layer II) may disturb the cortical input to the hippocampus. Further, both AD and PiD may be characterized by an impaired temporal pattern separation. The most striking difference, however, seems to be the affection of the DG granule cells as well as the CA4 (fine granular/neuritic AT8-IR with lacking neuronal IR) in PiD when compared to AD-related pathology. Since DG is involved in spatial pattern separation [40] , this might suggest its distinct impairment in PiD. However, whether vulnerability of the DG granule cells depends on the molecular feature of tau protein (3R predominance in PiD vs. mixed 3R/4R tau in AD-related pathology) merits further investigation.
Importantly, concomitant AGD (4R tauopathy) shifts the hot spot of the AD-related tau pathology towards the DG. As already suggested by other groups [26] , we noted that concomitant AGD increases neuronal AT8-IR scores in the hippocampus. Noteworthy, our data revealed that this is not only the case in the CA1, but also in the DG, CA2, subiculum and in the inner layers of the medial EC ( table 1 ) . This would not only suggest a pathophysiological interaction between neuropil and neuronal deposits, but may further support the notion of lowering the threshold for cognitive decline in concomitant AGD [6, 44] .
We have recently reported a group of tauopathies in the elderly, which cannot be clearly diagnosed by current diagnostic criteria [5, 6] . Focusing only on the hippocampal AT8-IR patterns, the MTL-predominant group and limbic-subcortical-predominant group of the tauastrogliopathy of the elderly were included in the present study [6] . Variable hippocampal pathology in neurodegenerative diseases with involvement of subcortical structures (i.e. PSP, CBD, and limbic-subcortical type of tau-astrogliopathy of the elderly) may indicate that they represent a spectrum [45] [46] [47] [48] . Indeed, the short distances between CBD, PSP, AGD and even the limbic-subcortical type of tau-astrogliopathy of the elderly would support this concept. On the other hand, this would suggest that AGD, CBD, and PSP have some overlapping features as suggested previously [49] . However, our data suggest that they can also be clearly distinguishable based on their hippocampal AT8-IR patterns (see also the heat map, fig. 1 ). Interestingly, CBD, PSP, and AGD showed affection of the DG granule cells (which was not observed in AD-related pathology), which was less prominent as compared to PiD. Thus, DG granule cells seem to show early vulnerability for tauopathies with single isoform predominance (i.e. 3R tauopathy PiD or 4R tauopathies PSP, CBD, and AGD), irrespective of whether the brunt of tau pathology is subcortical or cortical; this early harmfulness is not seen in AD-related pathology (i.e. mixed isoforms 3R + 4R).
Although PSP and CBD do not affect the hippocampus primarily, distinctive patterns of AT8-IR can be observed: CBD, for instance, showed a higher rate of oligodendroglial AT8 deposits in the stratum oriens of the CA1, CA2 and CA3, but also in the CA4, as compared to similar BB stages or other tauopathies. This was confirmed by our mathematical analysis, which showed a far distance between CBD and different BB stages. These data would further suggest a CBD-characteristic AT8 signature in the hippocampus. Similarly to CBD cases, PSP was characterized by neuronal AT8-IR in the stratum oriens and radiatum throughout the CA regions, but also in the stratum polymorphe of the DG compared to other diseases. These regions contain mainly putative inhibitory GABAergic interneurons [50, 51] , which play an important role in regulating and synchronizing hippocampal neuronal oscillations [52] . AT8-IR patterns in PSP were relatively close to BBII, BBIII, CBD, and AGD. Noteworthy, the distance to BBII and BBIII was similar (0.32 to BBII and 0.31 to BBIII) and comparable to the distance between BBII and BBIII (0.35), suggesting a characteristic hippocampal AT8-IR pattern in PSP, which can be distinguished from early BB stages. Although the focus of our study is not to provide diagnostic guidelines based on the evaluation of the hippocampus, our observations strongly suggest that when evaluating only the hippocampus for screening during the diagnostic procedure, the above-mentioned distinguishing features should alert for further systematic mapping of tau pathology in other anatomical areas.
The MTL-predominant group of the tau-astrogliopathy of the elderly revealed a large distance towards all other tauopathies investigated. The DG and the CA4 were highlighted as hot spots for the MTL-predominant group of the tau-astrogliopathy of the elderly. However, in contrast to all other tauopathies, the astrocytes were severely affected, whereas only moderate neuronal AT8-IR was observed. Nevertheless, severe affection of the astrocytes may impair the function of the neurons. Although the role of astrocytes in synaptic transmission has been a matter of debate [53] [54] [55] [56] [57] , they may modulate synaptic transmission via tripartite synapses [58] and long-term potentiation [59, 60] in the hippocampus, which is thought to be a substrate for learning. In summary, for both types of tauopathy of the elderly (limbic-subcortical type and MTL type) included in this study, our observations support the concept that they are distinct from other forms of tauopathies. This is corroborated by their distinct features like subregional involvement and cellular preference of tau pathology (astrogliopathy) in the hippocampus. Moreover, tau pathology itself including phospho-specific sites of tau phosphorylation, tau conformation, tau truncation, and ubiquitination and modifications of the astroglial cytoskeleton shows distinct features as well [36] .
The present study provides further evidence that GGTs (i.e. of type 1) are distinct tauopathy entities showing a unique distribution of tau pathology also in the hippocampus. Recently, GGTs have been grouped into three forms [4] ; from these we included those where the uniform feature of widespread oligodendroglial tau pathology predominates [23] . Our observations show that the unique involvement of hippocampal white matter may isolate the hippocampus from the functionally relevant connections leading to severe cognitive decline. Further, the distribution of neuronal tau pathology is also clearly different in GGT, supporting a different origin from that seen in other tauopathies.
In addition to possible differences in clinical phenotypes, distinct cellular and regional tau constellations my influence the detection levels of this protein in cerebrospinal fluid [1] . One limitation of our study is that we could not correlate cerebrospinal fluid levels of tau/ phospho-tau with the regional distribution of the phosphorylated tau protein. An additional prospective study is needed to clarify this issue and also how subtle neuropsychological differences may reflect the selective vulnerability patterns shown here. It must be noted that we focused on the posterior part of the hippocampus, which has different projection patterns and different physiology in memory than the anterior part.
Conclusions
Comprehensive mapping of tau pathology in different tauopathies demonstrates different patterns of anatomical and cellular vulnerability. Our study (1) suggests disease-specific hot spots, arguing for regional selective vulnerability; (2) shows that AD-related tau pathology is strongly influenced by concomitant AGD, involving even subregions unaffected in pure AD-related pathology; (3) reveals that tau-astrogliopathies in the elderly and GGTs are distinct entities supported also by differences in the modifications of tau in glial cells [36] , and (4) suggests that involvement of the hippocampus in PSP, CBD, PiD and GGT can be clearly distinguished from early AD-related changes.
These observations emphasize the need for better clinical stratification of patients with cognitive decline. Since the hippocampus has a very complex system of neurotransmitter inputs and neuronal groups expressing various receptors, the exact fingerprinting of pathology might serve as a rationale to develop more selective diagnostic test batteries.
